Objective: To investigate the instability, morphology, natural course, and prognostic value of enhancement of the thrombosed false lumen on contrast-enhanced computed tomography (CT) scans in patients with type B intramural hematoma of the aorta (IMH).
The three major types of acute aortic syndrome are intramural hematoma of the aorta (IMH), penetrating atherosclerotic ulcer, and aortic dissection with an overt false lumen. In patients with IMH, there is no intraluminal tear or flap on initial imaging examination. [1] [2] [3] [4] [5] Recently, multidetector computed tomography (MDCT) has become widely used and can provide detailed three-dimensional information that allows identification of small intimal defects in the aorta. Recent reports have demonstrated that MDCT is superior for detecting intimal defects. A considerable proportion of IMH patients have intimal defects on MDCT, even in the early stage, and these defects frequently progress to ulcer-like projections (ULPs) that are seen as localized contrast medium-filled blood pools. 6 Another type of localized contrast medium-filled blood pool has also been reported in patients with IMH, which is an intramural blood pool (IBP). 1, 7 The presence of these localized contrast medium-filled blood pools and related complications reveal that the thrombosed false lumen is unstable and that thrombosis might be incomplete in IMH. In addition, it has been reported that minimal enhancement of the thrombosed false lumen can be identified in IMH, which may indicate instability of thrombus. 8 However, to our knowledge, few studies have evaluated instability of thrombosis of the false lumen in IMH patients. The purpose of the present study was to investigate the instability, morphology, natural course, and prognostic value of enhancement of the thrombosed false lumen on contrast-enhanced CT scans in patients with type B IMH.
METHODS
Patients. The ethics committee of our hospital approved this study and informed consent was waived. We retrospectively reviewed 78 patients with Stanford type B IMH (patients with type A IMH excluded) diagnosed at our hospital between 2007 and 2014. Patients were enrolled in this retrospective study according to the following inclusion criteria: (a) presence of acute chest pain; (b) CT detection of IMH based on the usual criteria 1, 2, 5 ; (c) no apparent blood flow in the false lumen on transesophageal echocardiography (between 1 and 6 days from onset); and (d) at least two follow-up CT examinations or a follow-up period of at least 6 months from initial CT (except in patients undergoing emergency surgery or with death owing to aortic events). Sixty-five patients fulfilled all the criteria and were enrolled. There were 42 men and 23 women aged from 42 to 83 years, with a mean age of 74.7 6 11.9 years, and 53 patients (82%) had a history of hypertension. The diagnosis of Stanford type B IMH was established by CT scanning within 24 hours after the onset. Clinical data included IMH-related events, such as aneurysm formation (largest diameter $ 50 mm), rupture, progressive enlargement of ULP or IBP, rupture, organ ischemia, and redissection. 6, 9 IMH-related deaths were defined as those owing to aortic rupture, redissection, organ ischemia, and complications of surgery or endovascular repair. 6, 9 We managed type B aortic dissection patients with supportive medical therapy. Clinical follow-up by CT was performed to minimize the risk of fatal complications. The mean CT follow-up period was 36.4 6 22.6 months (range, 1-156 months). In our hospital, regular follow-up studies for patients with IMH were performed every week during the first month, and from one to three times a year thereafter. Additional studies were performed in patients with a new clinical episode suggesting complications.
Patients with progression to overt aortic dissection, aneurysm formation (largest diameter $ 55 mm), rupture, progressive enlargement of ULP or IBP (lesion depth $ 20 mm), or organ ischemia during the follow-up period were referred for timely surgical treatment (aortic replacement or endovascular repair). 6 Image acquisition protocol. A total of 392 MDCT studies were performed. Initial and follow-up CT scans were performed with and without enhancement in all patients. Enhanced CT was done with nonionic contrast medium (300 mg/mL, iopromide; Bayer Schering, Berlin, Germany), which was delivered as a bolus injection (100 mL at 3 mL/s) using a power injector (Dual Shot GX; Nemoto Kyorindo, Tokyo, Japan).
CT scanning was performed with a Somatom Definition or Definition flash scanner (Siemens Medical Systems, Initial multidetector computed tomography (MDCT) images of an 82-year-old man with type B intramural hematoma of the aorta (IMH). Attenuation of the false lumen (AFL) was determined by manually placing circular or ovoid regions of interest on thrombus in the false lumen at the same locations on z-axis sections and at the same image level on nonenhanced (A), arterial phase contrast-enhanced (B), and delayed phase contrastenhanced images (C), which were simultaneously displayed in a side-by-side fashion.
Erlagen, Germany) generating axial images. Scanning was commenced at 30 and 120 seconds (two phases) after the start of contrast medium injection. Scanning parameters were 100 to 120 kVp and 140 to 200 mAs (effective), and reconstruction was done at a 1-mm slice thickness with 1-mm intervals for both unenhanced and contrast-enhanced images. Scanning was performed from the thoracic inlet to the pubic symphysis for both noncontrast and contrast-enhanced images. Electrocardiographic gating was not used.
Image evaluation. CT data were evaluated by creation of axial and longitudinal interactive multiplanar reformation images with a 1-mm slice thickness. Assessment of the CT findings was done independently by two cardiovascular radiologists who had more than 20 years of experience (E.S. and I.S.) with attention to the following items: (a) the presence and location of IMH, (b) the maximal outer diameter of the aorta and sequential changes of the diameter (the site of measurement was determined by visual inspection based on the distance from the top of aortic arch. The diameter was measured on a double-oblique cross-sectional plane), and (c) the presence, depth, number, location, and sequential changes of intimal defects, IBP, and ULP. Diameter measurements were performed on a dedicated workstation (Leonardo; Siemens Medical Solutions). All CT studies of a single patient were read in the same session, but in blinded order, to ensure that comparisons across serial studies were consistent for lesions and locations.
All datasets were transferred to a standalone image processing workstation (Syngo MMWP VE 36A; Siemens). Attenuation of the false lumen (AFL; Hounsfield units [HU] ) was determined by manually placing circular or ovoid regions of interest on thrombus in the false lumen at the same locations on z-axis sections and at the same image level on nonenhanced, early contrast-enhanced, and delayed contrast-enhanced images, which were simultaneously displayed in a side-by-side fashion (Fig 1) . For each patient, the IMH lesion was divided into thirds and we measured AFL at the midportion of each third. The investigator who obtained the measurements was instructed to place each regions of interest over the center of the IMH lesion (mean area, 42 mm 2 ; range,
18-62 mm 2 ).
We calculated enhancement of the false lumen (EFL) by subtracting AFL on the noncontrast image from AFL on the delayed phase image. The interobserver agreement of these measurements of continuous variables was assessed by calculating the intraclass correlation coefficient. Final decisions regarding the classification of lesions were reached by consensus of the two observers according to the following definitions.
Definition of aortic IMH. Based on the usual criteria, IMH was defined as (a) a crescent-shaped thickening of the aortic wall showing greater attenuation than the lumen on unenhanced CT scans, (b) no obvious contrast enhancement of the thrombosed false lumen on contrast CT scans, and (c) no overt false lumen, no ULP, and no penetrating atherosclerotic ulcer on initial CT scans. 1, 2, 5 In addition, transesophageal echocardiography confirmed that there was no obvious blood flow in the false lumen. We included patients who showed intimal defects and IBP in the thrombosed false lumen in the IMH category.
Definition of IBP.
We defined IBP as a localized contrast medium-filled pool inside IMH on postcontrast CT images with no communication between the contrast medium-filled pool and the true lumen. It was possible for the IBP to show a distal connection with an intercostal artery or lumbar artery.
1,7
Definition of intimal defect. An intimal defect was defined as a small blood-filled pouch protruding into the IMH from the true lumen with a depth ranging from 1 to 5 mm. 6 Thus, we excluded lesions with a depth of less than 1 mm. The depth of an intimal defect was determined as the maximum depth of the blood-filled pouch on axial and longitudinal multiplanar reformation images. If an intimal defect increased in depth beyond 5 mm, it was reclassified as an ULP. 6 The same method was followed for ULP measurement.
Definition of ULP. A ULP was defined as a localized blood-filled pouch protruding into the IMH from the true lumen with a depth of more than 5 mm. 6 It showed the same contrast enhancement as the aortic lumen on postcontrast CT images. The intima usually shows no atherosclerotic plaque, 10 unlike that frequently noted in conjunction with a penetrating atherosclerotic ulcer.
Statistical analysis. Categorical variables are described as numbers and percentages and were compared with the c 2 test or Fisher exact test, as appropriate, and the paired t test and the Mann-Whitney U test were used for continuous variables. To determine predictors of IMH-related events and death during follow-up, the Cox proportional hazards model was used to assess the variables. Variables showing P < .20 in univariate analyses with proportional assumptions that were generally fair were included in multivariate analysis, and the multivariate Cox proportional hazard model was built by stepwise selection. In all analyses, P < .05 was considered significant. Analyses were performed with Stat-View J-5.0 software for Windows (Abacus Concepts, Berkeley, Calif).
RESULTS
Demographic characteristics, clinical profile, and initial CT findings of the 65 patients are shown in Table I, and  Table II presents the temporal presentation and the outcome of intimal defects and IBP during the followup period. Intimal defects were identified on initial CT in 29 of 65 patients (45%), which was an high incidence. Eighteen of 38 intimal defects (47%) completely disappeared during follow-up period. After that, these 18 lesion did not recur or progress to complications. Detection and classification of the false lumen on CT scans showed a high level of agreement between observers 1 and 2 (k ¼ 0.95). Final classification of the lesions was achieved by consensus of the two observers.
Interobserver agreement of the measurements was high. The intraclass correlation coefficients for maximum diameter of the affected aorta and the AFL were 0.93 and 0.92, respectively. In addition, the intraclass correlation coefficients for the depth were 0.92 for IBP, 0.93 for intimal defects, and 0.92 for ULP. Fig 2, A shows the mean AFL values of all patients obtained in the three CT phases. The mean AFL on precontrast CT, arterial phase contrastenhanced CT, and delayed phase contrast-enhanced CT was 56.3 6 10.5, 59.9 6 10.8, and 63.7 6 11.1 HU, respectively. In addition, the mean EFL was 7.4 6 9.0 HU. The EFL had a positive value in 41 of the 65 patients (63%) and it was more than 10 HU in 22 patients (34% ;  Fig 2, B) . Table III shows the AFL and EFL values associated with intimal defects and IBP on initial CT. Although the mean AFL was not significantly greater in patients with intimal defects than in patients without intimal defects, mean EFL was significantly greater in patients with intimal defects than in those without intimal defects (11.4 6 9.1 vs 4.6 6 7.7 HU; Fig 3) . In contrast, there were no differences of mean AFL and mean EFL between patients with and without IBP (Fig 4) .
AFL and EFL.
Predictors of IMH-related events and death or surgical repair. Among the 65 patients with type B IMH, 23 patients had IMH-related events (35%), including aneurysm formation ($5.0 cm) in 2, spontaneous rupture in 2, redissection in 6, and progressive enlargement of ULPs in Multidetector computed tomography (MDCT) images of a 75-year-old man with type B intramural hematoma of the aorta (IMH). The attenuation of the false lumen (AFL) on plain computed tomography (CT) scan, arterial phase contrast-enhanced CT, and delayed phase contrast-enhanced CT was 56, 57, and 57 Hounsfield units (HU), respectively. The enhancement of the false lumen (EFL) was 1 HU. A, At the onset, precontrast-enhanced CT shows a crescentic high attenuation area along the aortic wall. Arterial phase (B) and delayed phase (C) contrast-enhanced CT reveal a crescentic area without apparent contrast enhancement. D, Three months later, contrast-enhanced CT shows resolution of IMH. range, 1-36 months). Univariate analysis revealed that the maximum diameter on initial CT (P ¼ .0073), the maximum thickness of the affected aorta on initial CT (P ¼ .002), the presence of an intimal defect (P ¼ .0092), early phase AFL (P ¼ .0447), delayed phase AFL (P ¼ .0002), and EFL (P < .001) were significant predictors of IMH-related events (Table IV) . According to multivariate Cox regression analysis, only EFL (hazard ratio, 1.008; 95% confidence interval, 1.03-1.15; P ¼ .0044) was an independent predictor of IMH-related events (Table IV) . Among the 65 patients with type B IMH, 10 had IMH-related death (n ¼ 3) or required surgical repair (n ¼ 7) during follow-up (range, 1-26 months after onset). Seven patients underwent aortic replacement (n ¼ 2) or endovascular repair (n ¼ 5), which was required owing to aneurysm formation ($5.5 cm) in two patients and progressive enlargement of a ULP lesion (depth of lesion, $20 mm) in seven patients. IMH-related death occurred in three of these 10 patients (33%) owing to spontaneous rupture in 2 and redissection in 1 (Fig 5) .
Univariate analysis revealed that the maximum diameter on initial CT (P ¼ .0088), precontrast phase AFL (P ¼ .0316), and EFL (P ¼ .0105) were significant predictors of IMH-related death or surgical repair (Table IV) . According to multivariate Cox regression analysis, only EFL (hazard ratio, 1.111; 95% confidence interval, 1.017-1.213; P ¼ .0197) was confirmed to be an independent predictor of IMH-related death or surgical repair (Table IV) .
DISCUSSION
Hayashi et al 8 reported minimal contrast enhancement of IMH and they suggested that this finding indicates instability of the thrombosed false lumen before the occurrence of organization. However, there have been few reports about this condition and the clinical meaning of enhancement of IMH has not been clear. Our present results showed that EFL had a positive value in 41 of 65 patients (63%) with IMH. Moreover, EFL was more than 10 HU in 22 patients (34%). Hayashi et al 8 also reported that the false lumen was enhanced on late-phase CT scans in five of seven patients (71%) with IMH, which was also a very high incidence. Based on our results and their findings, it seems that enhancement of IMH may be frequent. Although the mechanism of enhancement of IMH has not been elucidated fully, two possibilities can be suggested. The first is the influx of blood via a direct communication with the true lumen, such as a ULP, and the second is the influx of blood from the vasa vasorum. 8 Therefore, enhancement of IMH may demonstrate an unstable status of the thrombosed false lumen before its organization, but further studies are needed to clarify the mechanism of enhancement. In this study, the mean EFL was 7.4 6 9.0 HU and it was significantly higher in patients with intimal defects than in patients without intimal defects. In contrast, there were no significant differences of mean AFL and mean EFL between patients with and without IBP.
It was recently reported that intimal defects can be detected by MDCT even in the early stage and that these defects frequently progress to become ULPs. In patients with IMH, intimal defects are not completely identified by CT scanning with conventional 5-mm axial images. Accurate detection of intimal defects in IMH patients using MDCT is considered to be important for risk stratification and better clinical management. 6, 11 Intimal defects may represent very small intimal tears or sites where avulsion of small aortic branches such as intercostal arteries has occurred. It is important to recognize and evaluate intimal defects on initial CT scanning. According to previous reports, IBP is also frequently detected by MDCT in patients with IMH. These lesions may resolve over time or may newly appear during follow-up. IBPs are not associated with a poor prognosis, and should be distinguished from ULPs. 1, 7 Our results suggest that enhancement of IMH is associated with the presence of a direct communication with the true lumen, such as an intimal defect. It is possible that the blood pressure inside the intimal defect is higher than that in the IBP because intimal defects originate from the true lumen. Transmission of aortic pressure to the IMH may easily cause it to expand. On the other hand, there is no communication between an IPB and the true lumen, so an IPB does not transmit aortic pressure to the IMH and may not expand so easily. This situation may be similar to a type II endoleak after endovascular aortic repair.
In this study, multivariate Cox regression analysis only confirmed EFL as an independent predictor of IMH-related events and IMH-related death or surgery. Many previous studies have suggested the importance of the initial maximal aortic diameter for the prediction of outcomes in patients with IMH, [12] [13] [14] [15] [16] which suggests that the clinical importance of abnormal aortic distensibility or wall stress associated with initial aortic size. The maximum thickness of the affected aorta has also been documented to be a predictor in patients with IMH, 12, 15, 17, 18 suggesting the importance of instability of the thrombosed false lumen. Based on the literature, the other high-risk features of type B IMH are as follows:
Multidetector computed tomography (MDCT) images of a 74-year-old man with type B intramural hematoma of the aorta (IMH). The attenuation of the false lumen (AFL) for plain computed tomography (CT) scan, arterial phase contrast-enhanced CT, and delayed phase contrast-enhanced CT was 55, 59, and 68 HU, respectively. The enhancement of the false lumen (EFL) is 13 HU. A, At the onset, arterial phase contrastenhanced coronal CT scan shows an intimal defect (arrow) with a depth of 1 mm. B, One month later, contrast-enhanced coronal CT scan reveals that the intimal defect has progressed to an ulcer-like projection (ULP; arrow) with a depth of 7 mm. C, Three months later, contrast-enhanced coronal CT scan demonstrates progressive enlargement of the ULP (arrow). After that, stent-graft placement was performed. D, After stentgraft placement, contrast-enhanced coronal CT scan shows disappearance of the ULP.
age greater than 70 years, pleural effusion, presence of penetrating atherosclerotic ulcer, and presence of ULP. 12 Among them, our study showed that EFL is the most powerful predictor of IMH-related events and IMH-related death or surgery. Although this result may be limited because of small number of patients, EFL may closely reflect the unstable status of the thrombosed false lumen. Our study revealed that patients with a high EFL should be followed more carefully with close surveillance imaging than those with a low EFL.
Limitations. This study had the following limitations. First, we made the diagnosis of IMH by MDCT, as well as the diagnosis of intimal defects, ULP, and IBP. Although we were not able to obtain corresponding pathologic specimens from our patients, MDCT is currently regarded as a reliable modality for investigating IMH and related conditions. We did not evaluate the findings of intravascular ultrasound imaging. Intravascular ultrasound imaging is also considered as a reliable modality for investigating IMH and related conditions. Further studies are required to clarify usefulness of intravascular ultrasound imaging.
Second, the sample size was relatively small, and the follow-up period varied. A small sample means that our study may not have had sufficient power to detect possible risk factors, so further studies on a larger scale are needed. Finally, we included patients with death and those with surgical repair in a single group because the death group was very small, but this may have resulted in bias.
CONCLUSIONS
In patients with IMH, minimal enhancement of the thrombosed false lumen can frequently be identified on initial CT scans. Such enhancement is related to direct communication with the true lumen and an unstable status of thrombus in the false lumen. EFL is the most powerful predictor of future IMH-related events and IMH-related death or surgical repair. Therefore, type B IMH patients with a high EFL should be monitored more carefully by imaging during follow-up than those with a low EFL. 
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